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HIGHLIGHTS 


►  Nitrogen-doped  graphene  (NG)  samples  with  different  nitrogen  contents  are  prepared. 

►  Nitrogen  doping  favors  the  reduction  of  oxygen  to  water  at  lower  overpotentials. 

►  Properties  of  NG  are  closely  related  to  nitrogen  contents  and  microstructure. 

►  A  nitrogen  content  of  ca.  7%  and  moderate  defect  densities  provide  best  activity. 
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Nitrogen-doped  graphene  (NG)  materials  have  been  prepared  by  hydrothermal  reaction  of  graphite  oxide 
(GO)  with  urea,  and  their  electrocatalytic  properties  towards  oxygen  reduction  reaction  in  0.1  M  KOH  are 
investigated.  The  introduction  of  urea  leads  to  successful  nitrogen  insertion  in  the  form  of  pyridinic, 
pyrrolic,  and  graphitic  bonding  configurations  with  enhanced  reduction  of  GO,  and  an  increase  in  the 
mass  ratio  between  urea  and  GO  gives  higher  nitrogen  contents,  which  is  accompanied  by  more  defects 
in  microstructure.  Reduction  of  02  to  OH-  at  lower  overpotentials  is  favored  by  the  incorporation  of 
nitrogen,  and  the  activity  of  NG  is  closely  associated  with  nitrogen  contents  and  microstructure.  NG 
materials  with  ca.  7%  nitrogen  contents  and  moderate  defect  densities  prepared  from  mass  ratios  of 
1:200  and  1:300  (GO/urea)  show  the  best  performance. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  alleviation  of  carbon  dioxide  poisoning  problem  by  the 
recent  development  of  anion  exchange  membrane  has  revitalized 
the  research  interest  in  alkaline  fuel  cells  (AFCs)  [1,2].  Similar  to 
proton  exchange  membrane  fuel  cells  (PEMFCs),  another  important 
low-temperature  energy  conversion  technology,  the  sluggish 
kinetics  of  oxygen  reduction  reaction  (ORR)  at  the  cathode  has 
decreased  the  energy  efficiency  of  AFCs.  Thus,  electrocatalysts  with 
high  performance  are  highly  desirable.  Pt  and  Pt-based  materials 
are  commonly  used  in  PEMFCs  owing  to  their  excellent  electro¬ 
catalytic  activity  and  stability,  but  more  facile  kinetics  for  ORR  and 
less  corrosive  electrolyte  in  AFCs  make  it  possible  to  employ 
a  broader  range  of  electrocatalysts  with  lower  cost  [3],  such  as 
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silver  [4],  metal  oxides  [5],  metal  hydroxides  [6],  and  carbon 
materials  [7].  Among  carbon  materials  reported,  graphene  with 
unique  physical  and  chemical  properties  is  attracting  more 
attention. 

Graphene  possesses  good  electrocatalytic  activity  towards  ORR 
in  alkaline  media,  and  its  modification  on  glassy  carbon  (GC) 
electrode  decreases  the  overpotential  and  increases  the  current 
density  [8].  However,  the  performance  of  plain  graphene  hardly 
meets  the  practical  requirements  of  AFCs.  Therefore,  composites  of 
graphene  with  other  electrocatalysts  have  been  developed  to  give 
better  performance  [9-11].  In  the  meanwhile,  chemical  doping 
with  foreign  atoms  is  also  an  effective  approach  to  achieve  higher 
electrocatalytic  activity.  The  heteroatoms  mainly  refer  to  nitrogen, 
boron,  and  sulfur  [12-14],  in  which  nitrogen-doped  graphene  (NG) 
has  been  paid  tremendous  attention  due  to  its  high  activity  towards 
ORR.  The  enhanced  ORR  performance  of  NG  could  be  attributed  to 
the  alteration  of  electronic  structure,  where  the  electron-accepting 
ability  of  nitrogen  atoms  creates  a  net  positive  charge  on  adjacent 
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carbon  [15].  Much  work  has  been  done  to  investigate  the  impact  of 
nitrogen  content  and  the  proportion  of  nitrogen  species  on  ORR 
activity  of  NG,  but  the  nature  of  the  binding  configurations 
responsible  for  the  enhanced  performance  is  still  under  discussion 
[16].  Qu  and  Yang  suggest  that  pyridinic  and  pyrrolic  nitrogen 
atoms  play  an  important  part  in  the  enhancement  of  ORR  activity 
[13,14],  but  Geng  insists  on  the  importance  of  graphitic  ones  [17]. 
This  divergence  may  be  closely  related  to  different  synthesis 
methods.  Furthermore,  the  role  of  microstructure  in  ORR  electro- 
catalytic  performance  is  ignored. 

Up  to  now,  several  methods  have  been  reported  to  synthesize 
NG,  including  chemical  vapor  deposition  [18],  nitrogen  plasma 
treatment  [19],  arc  charge  in  the  presence  of  nitrogen  source  vapor 

[20] ,  and  thermal  annealing  of  graphite  oxide  (GO)  with  ammonia 

[21] .  These  methods  are  usually  complex,  require  special  instru¬ 
ments  or  rigorous  conditions,  and  do  not  produce  NG  at  a  large 
scale  with  low  cost,  which  has  prompted  researchers  to  develop 
facile  approaches.  Recently,  hydrothermal  reaction  of  GO  with 
nitrogen  precursors  has  been  viewed  as  an  effective  way  to 
synthesize  NG  with  a  high  nitrogen  level  [22-25],  but  the  elec- 
trocatalytic  activity  of  NG  thus  obtained  towards  ORR  has  not  been 
fully  investigated. 

In  this  work,  NG  materials  with  different  nitrogen  contents  have 
been  prepared  via  a  one-step  hydrothermal  reaction  of  GO  and  urea 
with  different  mass  ratios,  and  their  electrocatalytic  properties 
towards  ORR  in  0.1  M  KOH  solution  have  been  evaluated.  The 
results  show  that  NG  materials  enhance  the  transformation  of  O2  to 
OH-  at  lower  overpotentials,  and  their  properties  are  dependent  on 
nitrogen  concentrations  and  microstructure,  in  which  a  nitrogen 
content  of  ca.  7%  and  moderate  defect  densities  give  the  best 
performance. 

2.  Experimental 

2.1.  Synthesis  of  NG 

NG  materials  were  prepared  via  a  one-pot  hydrothermal  reac¬ 
tion  of  GO  with  urea  similar  to  the  work  of  Sun  et  al.  [23].  GO  was 
obtained  by  a  modified  Hummers  method  [26],  which  contains 
three  steps:  pre-oxidation  of  natural  graphite  with  concentrated 
H2S04  and  KMn04,  re-oxidation  with  H2O2,  and  exfoliation  by 
sonication.  Then,  the  simultaneous  reduction  of  GO  and  nitrogen 
insertion  of  graphene  were  achieved  by  a  facile  hydrothermal 
reaction  at  170  °C  for  12  h,  and  the  nitrogen  content  and  nitrogen 
species  proportion  could  be  readily  adjusted  by  controlling  the 
mass  ratio  between  GO  and  urea.  The  mass  ratios  (GO:  urea)  used 
here  were  1 :100, 1 :200, 1 :300, 1 :400,  and  1 :500,  and  corresponding 
samples  obtained  were  denoted  as  NG-1,  NG-2,  NG-3,  NG-4,  and 
NG-5.  In  brief,  a  given  amount  of  urea  was  added  into  20  mL  GO 
aqueous  suspension  (1  mg  mL1),  and  the  mixture  was  ultra- 
sonicated  for  2  h.  Subsequently,  18  mL  mixture  was  transferred  to 
a  Teflon-lined  stainless  steel  autoclave  with  a  volume  of  20  mL, 
sealed  and  heated.  Finally,  the  resulting  product  was  filtered, 
washed  and  dispersed  in  ethanol.  Pure  graphene  without  nitrogen 
doping  was  also  synthesized  by  the  same  method  except  in  the 
absence  of  urea. 

2.2.  Characterization  of  NG 

The  chemical  composition  and  state  of  as-prepared  samples 
were  characterized  by  CHN  elemental  analysis  and  X-ray  photo¬ 
electron  spectroscopy  (XPS).  The  former  was  carried  out  on  a  Vario 
EL  III  analyzer  (Elementar  Analysensysteme  GmbH),  and  oxygen 
content  was  calculated  as  the  fraction  not  measured.  The  latter  was 
performed  in  an  ESCALAB  250  instrument  (Thermo  Fisher  Scientific 


Table  1 

Chemical  composition  of  different  samples.  Nitrogen  distributions  were  calculated 
based  on  CHN  method  and  XPS  measurement.  N1  to  N4  represent  pyridinic,  pyrrolic, 
graphitic  type  nitrogen,  and  nitrogen  oxide  species,  respectively. 


Sample 

Composition  (atom  %) 

C 

O 

N 

N1 

N2 

N3 

N4 

Graphene 

52.25 

23.07 

0.88 

- 

- 

- 

- 

NG-1 

51.84 

16.48 

6.05 

2.07 

2.65 

0.81 

0.52 

NG-2 

52.01 

16.80 

6.78 

2.46 

2.90 

0.94 

0.48 

NG-3 

52.05 

16.34 

7.25 

2.52 

3.11 

1.12 

0.50 

NG-4 

52.35 

16.92 

7.28 

2.80 

2.93 

0.98 

0.57 

NG-5 

52.39 

16.60 

7.65 

2.71 

3.03 

1.34 

0.57 

Inc.)  using  monochromated  Al  Ka  radiation  (1486.6  eV).  A 
Renishaw  inVia  Raman  spectrometer  was  utilized  for  microstruc¬ 
ture  analysis. 

2.3.  Preparation  of  modified  electrodes  and  electrochemical 
measurements 

A  rotating  glassy  carbon  (GC)  disk  electrode  with  a  diameter  of 
5.61  mm  was  used  in  this  study.  Prior  to  modification,  GC  electrode 
was  polished  with  1.0  and  0.05  pm  alumina  slurries,  and  then 
cleaned  in  Milli-Q  water  by  sonication  for  10  min.  To  prepare  NG 


Fig.  1.  (A)  XPS  spectra  of  different  samples.  (B)  High-resolution  Nls  spectrum  of  NG-1. 
N1  to  N4  have  the  same  meanings  as  described  in  Table  1. 
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modified  GC  (abbreviated  as  NG/GC)  electrodes,  17  pL  NG  ethanol 
dispersion  with  a  concentration  of  ca.  2  mg  mL-1  was  pipetted  onto 
the  GC  surface  and  allowed  to  dry  in  air,  and  then  10  pL  Nation 
ethanol  solution  (0.05  wt%)  was  coated  and  air-dried.  For 
comparison,  GC  electrodes  modified  with  graphene  and  commer¬ 
cial  Pt/C  (46.3%  Pt,  Tanaka  Kikinzoku  Kogyo  Co.  Ltd.)  ware  also 
prepared  in  the  same  way,  which  can  be  abbreviated  as  graphene/ 
GC  and  Pt-C/GC  electrodes. 

Cyclic  voltammograms  (CVs)  and  linear  sweep  voltammograms 
(LSVs)  were  recorded  on  a  computer-controlled  760C  electro¬ 
chemical  analyzer  (CH  Instruments,  Inc.)  in  a  three-electrode  system 
with  0.1  M  KOH  as  electrolyte.  The  working  electrodes  consisted  of 
GC,  Pt-C/GC,  graphene/GC,  and  different  NG/GC  electrodes.  A  Pt 
wire  and  an  Ag/AgCl  (KCl-sat.)  electrode  were  used  as  the  counter 
electrode  and  reference  electrode,  respectively.  All  potentials  are 
reported  versus  the  Ag/AgCl  (KCl-sat.)  electrode,  and  all  experi¬ 
ments  were  carried  out  at  room  temperature  (25  °C). 

3.  Results  and  discussion 


Fig.  3.  CVs  obtained  in  N2-saturated  0.1  M  KOH  solution  at  different  electrodes  (a:  GC; 
b:  graphene/GC;  c:  NG-5/GC;  d:  NG-4/GC;  e:  NG-2/GC;  f:  NG-l/GC;  g:  NG-3/GC).  Scan 
rate:  50  mV  s_1.  Current  densities  are  normalized  to  the  geometrical  area  of  GC  disk 
electrode. 


Table  1  lists  chemical  composition  of  graphene  and  different  NG 
materials  determined  by  CHN  elemental  analysis.  Quite  a  low 
nitrogen  content  is  obtained  in  graphene,  which  mainly  originates 
from  the  incomplete  removal  of  NaN03  used  in  GO  preparation.  The 
addition  of  urea  not  only  results  in  nitrogen  doping,  but  also 
enhances  the  reduction  of  GO,  as  can  be  proved  by  the  decrease  of 
oxygen  content  in  NG.  This  phenomenon  is  closely  relevant  to  the 
slow  release  of  NH3  from  urea  during  hydrothermal  treatment.  NH3 


graphene  NG-1  NG-2  NG-3  NG-4  NG-5 


Fig.  2.  Raman  spectra  of  different  samples.  The  corresponding  D/G  intensity  ratios  are 
shown  in  (B). 


reacts  with  the  oxygen  functional  groups  like  carbonyl,  carboxyl, 
and  lactone  in  GO  to  achieve  the  insertion  of  nitrogen  [21]. 
Meanwhile  NH3  can  increase  the  pH  of  aqueous  dispersion  to  give 
more  effective  deoxygenation  of  GO  [27].  Since  the  proportions  of 


£/V(vs.  Ag/AgCl,  KCl-sat.) 


Fig.  4.  (A)  LSVs  recorded  on  NG-l/GC  electrode  in  02-saturated  0.1  M  KOH  solution  at 
different  rotation  rates  (a:  400;  b:  600;  c:  800;  d:  1000;  e:  1200  rpm).  (B)  Comparison 
of  LSVs  for  ORR  obtained  at  different  electrodes  with  a  rotation  rate  of  800  rpm.  Curves 
a  to  h  correspond  to  GC,  NG-5/GC,  graphene/GC,  NG-l/GC,  NG-4/GC,  NG-2/GC,  NG-3/ 
GC,  and  Pt-C/GC  electrode,  respectively.  Scan  rate:  10  mV  s-1.  All  curves  are  corrected 
from  the  blank  current  under  N2,  and  current  densities  are  normalized  to  the 
geometrical  area  of  GC  disk  electrode. 
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oxygen  in  all  NG  materials  are  among  16-17%,  they  have  a  similar 
reduction  level.  As  a  consequence,  a  mass  ratio  of  1:100  is 
enough  for  the  complete  reduction  of  GO  under  these  conditions. 
But  further  increase  in  the  amount  of  urea  improves  the  nitrogen 
content  from  6.05%  of  NG-1  to  7.65%  of  NG-5,  which  seems  to  be 
in  conflict  with  the  result  of  Sun’s  that  a  mass  ratio  of  1 :300  gives 
the  highest  nitrogen  concentration  [23].  This  difference  is  asso¬ 
ciated  with  diversities  in  the  oxidation  state  of  GO,  GO  concen¬ 
tration,  hydrothermal  temperature,  and  filling  degree  of 
autoclaves. 

The  chemical  bonding  information  of  samples  characterized  by 
XPS  is  shown  in  Fig.  1A.  In  the  spectrum  of  graphene,  a  peak 
around  284  eV  assigned  to  Cls  photoelectron  excitation  is 
observed.  The  presence  of  Nls  peak  around  400  eV  in  NG  mate¬ 
rials’  spectra  demonstrates  the  successful  incorporation  of 
nitrogen,  which  is  in  good  agreement  with  the  results  of  CHN 
elemental  analysis.  Fig.  IB  depicts  the  typical  high-resolution  Nls 
spectrum  of  NG,  and  the  types  of  nitrogen  species  and  their 
distribution  were  identified  by  the  curve-fitting  procedure  using 
XPS  Peak-fit  software.  The  peaks  at  398.7,  400.1,  and  401.7  eV  that 
are  common  in  nitrogen-doped  carbon  materials,  correspond  to 
the  pyridinic  (Nl),  pyrrolic  (N2),  and  graphitic  type  nitrogen  (N3), 
respectively  [17,24,28-30].  Nl  and  N2  represent  nitrogen  atoms 
bonding  with  two  carbon  atoms,  and  donate  one  or  two  p-electron 
to  the  aromatic  7t-system.  N3,  also  called  “quaternary  nitrogen”, 
refers  to  nitrogen  atoms  that  substitute  the  carbon  atoms  in  gra¬ 
phene  layers  [31].  Flere,  we  also  introduce  a  peak  at  the  binding 
energies  of  >402  eV  for  nitrogen  oxide  species  (N4)  [32,33],  given 
the  fact  that  a  small  amount  of  nitrogen  from  NaN03  residue  has 
been  detected  in  graphene  by  CHN  elemental  analysis.  Although 
a  higher  mass  ratio  between  urea  and  GO  leads  to  a  higher  total 
nitrogen  content  of  NG,  the  proportions  of  Nl,  N2,  and  N3  do  not 
change  regularly  with  the  rise  in  mass  ratios.  Independent  on  the 
ratio  between  reactants,  the  contents  of  N4  are  similar  in  all  NG 
materials,  indicating  that  nitrogen  doping  from  urea  is  achieved  in 
the  form  of  N1-N3. 

Raman  spectroscopy  is  a  powerful  tool  to  characterize  the 
structure  and  quality  of  graphene.  The  spectra  of  all  samples  exhibit 
two  remarkable  peaks  located  at  around  1350  and  1590  cnrr1 
(Fig.  2A),  which  can  be  attributed  to  D  band  associated  with 
structural  defects  and  G  band  for  E2g  vibration  mode  of  sp2  carbon 
domains.  The  broad  peak  at  around  2700  cm-1  demonstrates  that 
the  present  synthesis  method  gives  few-layer  graphene  [34,35]. 
Commonly  the  intensity  ratio  of  D  band  to  G  band  (Jd//g)  reflects  the 
defect  density  in  carbon  materials.  As  can  be  seen  from  Fig.  2B,  the 
value  of  Jd//g  varies  with  the  mass  ratio  between  reactants.  The 
addition  of  urea  leads  to  a  decrease  of  JD/JG  from  1.06  of  graphene  to 
0.90  of  NG-1,  but  further  increase  in  urea  concentration  brings 
higher  Jd//g  values,  and  the  values  of  NG-4  and  NG-5  are  larger  than 
that  of  graphene.  The  defect  density  is  closely  relevant  to  the  degree 
of  GO  reduction  and  nitrogen  doping.  It  has  been  stated  in  CHN 
elemental  analysis,  the  addition  of  urea  causes  successful  insertion 
of  nitrogen  with  the  improvement  of  GO  reduction  degree. 
Nitrogen  incorporation  and  enhancement  of  GO  reduction  have 
opposite  effects  on  defect  density,  in  which  the  former  introduces 
new  defective  sites  and  the  latter  lowers  defect  density.  When  the 
amount  of  urea  is  small,  the  role  of  reduction  enhancement  is 
prominent.  The  influence  of  nitrogen  doping  is  greater  in  the 
occasions  of  high  urea  concentration,  and  larger  Jd//g  values  are 


Fig.  5.  K-L  plots  for  different  electrodes  at  potentials  of  -0.5  V  (A)  and  -1.1  V  (B).  The 
dependence  of  n  (C)  and  ik  (D)  on  potential  at  different  electrodes.  Curves  a  to  g  refer  to 
GC,  graphene/GC,  NG-l/GC,  NG-2/GC,  NG-3/GC,  NG-4/GC,  and  NG-5/GC  electrode, 
respectively. 
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obtained.  The  difference  in  chemical  composition  and  microstruc¬ 
ture  among  these  materials  will  have  significant  impact  on  their 
ORR  electrocatalytic  properties  discussed  below. 

Fig.  3  displays  CVs  obtained  at  different  electrodes  in  ^-satu¬ 
rated  0.1  M  KOH  solution.  Compared  with  the  bare  GC  electrode, 
modification  of  graphene  and  NG  results  in  the  appearance  of  broad 
redox  peaks  and  larger  capacitive  current.  The  positions  of  redox 
peaks  are  different  in  graphene/GC  and  NG/GC  electrodes,  which 
may  be  related  to  the  involvement  of  different  kinds  of  oxygen- 
containing  functional  groups.  Since  higher  surface  area  gives 
higher  overall  capacitance  [36,37],  NG/GC  electrodes  are  expected  to 
possess  higher  surface  area  than  graphene/GC  electrode,  as  can  be 
proved  by  larger  capacitive  current  measured  for  NG/GC  electrodes. 

To  investigate  the  ORR  electrocatalytic  activity  of  NG  materials, 
LSVs  were  recorded  on  different  rotating  disk  electrodes.  Analogous 
to  the  case  of  NG-l/GC  electrode  (Fig.  4A),  the  current  density  of  all 
electrodes  increases  with  rotation  rate.  Comparison  of  LSVs  obtained 
at  different  electrodes  with  a  rotation  rate  of  800  rpm  is  shown  in 
Fig.  4B.  On  GC  electrode,  two  reduction  steps  both  ascribed  to  two- 
electron  reduction  of  O2  to  HO2  are  observed,  in  which  the  process 
at  potentials  around  -0.5  V  is  mediated  by  native  active  quinone-like 
groups  with  superoxide  anion  as  intermediate,  and  the  other  is 
a  direct  two-electron  reduction  on  GC  surface  [38].  The  modification 
of  graphene  and  NG  materials  on  GC  surface  triggers  larger  current 
density  and  more  than  100  mV  positive  shift  of  half-wave  potential, 
and  this  is  closely  associated  with  the  abundance  of  oxygen- 
containing  functionalities  and  high  surface  area  displayed  in  Fig.  3. 
On  graphene/GC  electrode,  two  reduction  processes  are  also  recor¬ 
ded,  but  there  is  a  current  plateau  between  -0.50  and  -0.70  V.  By 
comparison,  NG/GC  electrodes  exhibit  one  single  reduction  step.  The 
current  density  on  NG-2/GC  and  NG-3/GC  electrodes  is  larger  than 
that  on  NG-1  and  NG-4  modified  ones,  and  NG-5/GC  electrode 
possesses  the  lowest  electrocatalytic  activity.  Since  all  NG/GC  elec¬ 
trodes  have  similar  surface  areas  as  indicated  by  the  capacitance 
current  in  Fig.  3,  the  chemical  composition  and  micro  structure  of  NG 
materials  play  quite  an  important  role  in  electrochemical  perfor¬ 
mance,  which  will  have  a  great  effect  on  conductivity,  the  activity, 
number  and  distribution  of  active  sites.  Flere,  ORR  activity  of  graphene 
materials  is  not  proportional  to  the  total  nitrogen  content,  which 
increases  first  and  then  decreases  with  a  rise  in  nitrogen  content.  The 
incorporation  of  nitrogen  brings  new  active  sites  and  provides  addi¬ 
tional  electrons  to  the  aromatic  7r-system,  but  it  increases  structure 
defectiveness  indicated  by  an  increase  in  /D//G  values  to  lower  the 
mobility  of  current  carriers  in  the  meanwhile  [39],  and  an  optimal 
value  is  expected  to  balance  the  advantages  of  nitrogen  doping 
against  its  disadvantages.  NG-2  and  NG-3  possessing  the  highest 
activity  give  a  nitrogen  content  of  around  7%  with  an  JD/JG  value  of  ca.  1. 
If  these  values  are  smaller  (NG-1),  the  active  sites  available  are  not 
enough,  and  larger  ones  (NG-4  and  NG-5)  will  give  poor  conductivity. 
As  for  the  role  of  different  nitrogen  species,  no  obvious  dependence  of 
ORR  activity  on  the  proportions  of  Nl,  N2,  and  N3  has  been  observed. 
Thus  it  is  difficult  to  establish  which  type  of  nitrogen  species  should  be 
responsible  for  the  enhanced  ORR  electrocatalytic  properties  of  NG 
materials.  Furthermore,  the  performance  of  these  NG  materials 
towards  ORR  is  still  not  as  good  as  that  of  the  commercial  Pt/C  in  terms 
of  the  half-wave  potential  and  current  density. 

For  further  insight  into  ORR  mechanism  on  different  electrodes, 
Koutechy-Levich  (K-L)  plots  are  constructed  on  the  basis  of  LSVs 
according  to  K-L  equation: 

1  _  J_  _ 1 _ 

'  ~~  !'k  0.62nFC0Do/3t;-1/6wi/2 

where  i  is  the  measured  current  density,  ik  is  the  kinetic  current 
density,  n  is  the  number  of  electrons  transferred  per  O2  molecule,  F 


is  the  Faraday  constant  (96485  C  mol-1),  co  is  the  angular  velocity  of 
rotation,  Co  is  the  saturation  concentration  of  O2,  D0  is  the  O2 
diffusion  coefficient,  and  v  is  the  kinematic  viscosity  of  0.1  M  KOH. 
Fig.  5A  and  B  depict  K-L  plots  for  different  electrodes  at  -0.5 
and  -1.1  V,  typical  potentials  for  two  reduction  steps  of  ORR  on 
bare  GC  and  graphene/GC  electrodes.  All  plots  give  good  linearity, 
indicating  first-order  reaction  kinetics  for  ORR  with  respect  to  the 
concentration  of  O2  [40,41]. 

Based  on  slopes  and  intercepts  of  linear  K-L  plots,  the  values 
of  n  and  ik  at  different  potentials  on  various  electrodes  can  be 
obtained,  which  are  shown  in  Fig.  5C  and  D.  On  bare  GC  elec¬ 
trode,  the  dependence  curve  of  n  on  potential  is  divided  into  two 
steps  corresponding  to  the  reduction  of  O2  to  HO2  in  two 
different  ways.  The  values  of  n  on  graphene/GC  electrode  are 
around  2  at  potentials  more  positive  than  -0.6  V,  and  then 
increase  to  ca.  4  rapidly.  Therefore,  the  second  process  should  be 
attributed  to  further  reduction  of  HO2 ,  which  is  quite  different 
from  the  case  for  GC  electrode.  The  n  values  on  all  NG/GC  elec¬ 
trodes  are  around  3  at  lower  overpotentials,  demonstrating  the 
coexistence  of  two-  and  four-electron  reduction  of  O2.  A  rise  in 
overpotential  provides  more  activation  energy  to  favor  four- 
electron  ORR,  and  accordingly  an  increase  of  n  values  with 
potential  negative  shift  is  observed.  Larger  n  values  on  NG/GC 
electrodes  than  those  on  graphene/GC  electrode  at  lower  over¬ 
potentials  confirm  superior  electrocatalytic  ORR  properties 
caused  by  nitrogen  doping.  The  incorporation  of  nitrogen  polar¬ 
izes  the  adjacent  carbon  atoms  to  enhance  the  adsorption  of  O2 
and  to  readily  attract  electrons  for  faciliating  ORR  [42].  In 
accordance  with  the  results  of  LSVs,  NG-5/GC  electrode  reveals 
the  smllest  n  values  among  all  NG  modified  electrodes,  ik  reflects 
the  intrinsic  properties  of  electrode  materials,  and  it  can  also 
provide  information  on  reaction  paths.  The  values  of  ik  on  GC  and 
graphene/GC  electrodes  increase  first,  and  then  decrease,  and 
increase  again  with  a  fall  in  potential,  but  those  on  NG/GC  elec¬ 
trodes  increase  smoothly,  which  results  from  different  reaction 
mechanisms.  The  ORR  on  GC  and  graphene/GC  electrodes 
consists  of  two  individual  steps,  and  a  slight  increase  in  over¬ 
potential  gives  more  activation  energy  to  the  first  reduction 
process,  and  consequently  larger  ik  values  are  expected.  When 
overpotentials  are  moderate,  the  transition  between  two  reduc¬ 
tion  steps  occurs,  and  ik  gives  smaller  values  for  unfavorable 
kinetics  of  the  second  process.  Further  negative  shift  of  potential 
favors  the  second  reduction  step,  and  ik  gives  larger  values  again. 
The  smooth  increase  of  ij<  values  on  NG/GC  electrodes  is  attrib¬ 
uted  to  no  clear  potential  divisions  between  two-  and  four- 
electron  reduction  of  O2  and  favorable  four-electron  reduction 
with  the  rise  in  overpotential. 


4.  Conclusions 

NG  materials  with  high  nitrogen  contents  (>6%)  synthesized 
via  hydrothermal  reaction  of  GO  with  urea  possess  good  elec¬ 
trocatalytic  activity  towards  ORR  in  0.1  M  KOH.  At  graphene 
modified  GC  electrode,  ORR  undergoes  two  successive  two- 
electron  processes  with  HO2  as  intermediate.  The  incorporation 
of  nitrogen  increases  the  number  of  electrons  transferred  per  O2 
molecular  from  ca.  2  of  graphene  to  around  3  at  lower  over¬ 
potentials,  indicating  that  the  transformation  of  O2  to  OH- 
occurs.  The  electrocatalytic  properties  of  NG  materials  are  closely 
related  to  their  nitrogen  contents  and  microstructure,  which 
follow  an  order  of  NG-2  «  NG-3  >  NG-1  «  NG-4  >  NG-5.  A 
defined  amount  of  nitrogen  is  necessary  for  the  enhancement  of 
ORR  activity,  but  an  excess  of  nitrogen  brings  lager  defect 
densities  in  microstructure  that  will  have  adverse  effects. 
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